ABSTRACT: Schistosomula, the larval stage of schistosomes in vertebrate hosts, are highly vulnerable and considered an ideal target for vaccine and drug development. Although the schistosomule stage is essential for biological studies, collecting sufficient numbers of schistosomula from their definitive hosts in vivo is difficult to accomplish. However, in vitro collection via cercariae transformation can effectively yield high numbers of schistosomula. We compared a current and widely used double-endedneedle mechanical transformation method to a culture medium based on a nonmechanical method. We found the rates of transformed cercariae, i.e., separated cercariae heads from tails, differed by only 2-7% at 0.5, 1, and 2 days in culture and that there was no significant difference in the number of transformed cercariae between the transformation methods at 3 and 4 days in culture. Notably, the mechanical and nonmechanical cercariae transformation methods both yielded significantly large and similar quantities of viable schistosomula. Given that the nonmechanical method is simpler and less damaging to the parasites, we recommend the use of it as an alternative way for in vitro cercariae transformation. In addition, we also observed morphological changes of the detached cercariae tails in culture medium. Interestingly, the tails are able to regenerate head-like organs/tissues and survive for at least 4 days. This intriguing change suggests unique biological features of the cells in the tails.
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Several species of Schistosoma are the causative agents of schistosomiasis, a neglected tropical disease afflicting more than 200 million people worldwide (Steinmann et al., 2006; King, 2010) . Schistosome parasites have a complex life cycle with free-swimming aquatic stages (miracidia) that infect intermediate molluscan hosts, prior to infecting their definitive vertebrate host. Infectious cercariae are released from the snail and swim in fresh water before penetrating the skin of their definitive host, where they transform into schistosomula after the loss of their tail. The schistosomula migrate through several tissue layers and organs and reach the liver, where male and female worms become mature, pair up, and copulate. Paired worms move to the gut or bladder wall (according to species; for details, see http://www.dpd.cdc.gov/dpdx/html/ schistosomiasis.htm) and the females begin production of eggs (Gryseels et al., 2006) . These eggs are ultimately shed via the definitive host's feces or urine, and miracidia then emerge from the eggs.
For more than 30 yr, praziquantel (PZQ) has been the only available treatment for schistosomiasis. Considerable efforts have been made to develop alternative therapies such as vaccines and novel drugs. Different developmental stages of the schistosome life cycle are targeted, such as schistosomules and adult worms. The schistosomule is an ideal target for vaccine and drug development, not only because this stage is highly vulnerable (Damian, 1987) , but also because large quantities of parasites can be easily obtained in vitro (Abdulla et al., 2009; Peak et al., 2010) . To acquire parasites at this immensely important parasitic stage in vitro, many nonmechanical and mechanical methods have been developed and compared (Ramalho-Pinto et al., 1974; Salafsky et al., 1988; Hammouda et al., 1994; Gobert et al., 2007) . In the case of nonmechanical methods, they include the incubation of cercariae in chemicals, and sera and/or serum-free media (Ramalho-Pinto et al., 1974) . However, many media are no longer used, and most of them are not practicable for obtaining schistosomula for in vitro studies. Three mechanical methods have been employed for the acquisition of schistosomules, including centrifugation, vortexing, or pressure shearing, such as using the 21-gauge-needle method (Colley and Wikel, 1974; Ramalho-Pinto et al., 1974) . Recently, the double-ended-needle method that presumably was developed from the normal needle process has been the most widely used for cercariae transformation in vitro (Colley and Wikel, 1974; Mann et al., 2010; Milligan and Jolly, 2011) . For example, double-ended-needle transformed schistosomula have been recently employed in microarray studies (ParkerManuel et al., 2011) , investigations on gene function (Bhardwaj et al., 2011) , inquiries that utilize RNA interference (Stefani´c et al., 2010) , and for drug discovery (Manneck et al., 2011) . Although the double-endedneedle mechanical transformation method can have a wide array of applications, there are several problems associated with it, including heightened parasite contamination, an increased risk of infection to the researchers handling the parasites, and increased parasite damage among the mechanically transformed schistosomula (Salafasky et al., 1988) .
In the present study, we sought to compare the effectiveness of cercariae transformation using the mechanical transformation double-ended-needle method and a nonmechanical transformation method in which cercariae heads and tails separate naturally in a culture medium. In conjunction with this latter work, we have also observed striking morphological changes among the detached cercariae tails, an intriguing phenomenon that has not been reported previously.
Biomphalaria glabrata snails (M-line) infected with Schistosoma mansoni (NIH-SM-PR1) were maintained as described by Loker and Hertel (1987) . Schistosoma mansoni cercariae were shed from infectious snails at 7 wk postinfection by exposure to light for approximately 90 min at room temperature (RT) in artificial spring water (ASW).
Cercariae were placed in petri dishes at RT to allow particulate waste matter to settle. The cercariae were then transferred to 2 50-ml conical tubes. The tubes were inverted and allowed to sit for 10 min at RT. The supernatant (containing the cercariae) was transferred to a new 50-ml conical tube for further debris removal. The cercariae were then placed on ice and left to settle in the dark for 45 min (Milligan and Jolly, 2011) . The ASW was removed and the cercariae were washed twice with enriched RPMI (eRPMI) medium, RPMI 1640 (containing L-glutamine; Invitrogen, New York, New York) with antibiotics (150 units/ml penicillin, 100 lg/ml streptomycin; GIBCO, New York, New York), and 5% heat inactivated fetal bovine serum (GIBCO).
Mechanical transformation of cercariae into schistosomula was performed according to Milligan and Jolly (2011) by passing the parasites between 2 10-ml syringes joined by a 22-gauge double-ended, luer lok emulsifying needle (Scientific Commodities Incorporated, Lake Havasu, Arizona) 20 times. Nonmechanical transformation of cercariae into schistosomules was accomplished by leaving the cercariae undisturbed in eRPMI. Both groups of parasites were evenly separated into 12-well culture dishes (Nunc Multidish, Rochester, New York) filled with eRPMI supplemented with 5% CO 2 , and placed in a water-jacketed incubator for 4 days at 37 C.
In the nonmechanical method, the culture dishes were gently agitated to obtain an even distribution of schistosomes in the wells for optimal DOI: 10.1645/GE-3072.1 visualization. Five randomly chosen wells cultured according to each method were chosen for observation. Parasites were examined by counting the number of whole-bodied cercariae and separated cercariae heads using a Discovery V8 Stereo Zeiss dissecting scope. These observations were made at 0.5, 1, 2, 3, and 4 days.
To determine whether the transformed cercariae were dead, they were stained with 2.0 lg/ml propidium iodide (PI, Invitrogen) (544 nm excitation/620 nm emission) for approximately 20 min (Peak et al., 2010) and visualized at 3100 magnification with the use of a Zeiss Axioskop 2 Plus Mot Plus microscope equipped with a rhodamine filter and a halogen light source. To find whether the cells from the detached tails were alive, they were stained with 0.5 lg/ml fluorescein diacetate (FDA, an esterase substrate) (485 nm excitation/520 nm emission) (Sigma, St. Louis, Missouri) for approximately 5 min (Peak et al., 2010) and visualized as described above, but with an FITC filter. A high-resolution microscopy camera, AxioCam HRc, was used to photograph the schistosomes. For comparative analysis, parasites in all experiments were considered viable, with ,50% parasite surface area fluorescing. This criterion was set based on 2 considerations: (1) many dead cells may not stain well and (2) some cells may appear to still be alive when the entire organism is actually dead. Viable parasites were counted from 2 new randomly selected wells from both culture methods at 0.5, 1, 2, 3, and 4 days.
Additionally, movement of cercariae tails after separation from heads was further examined and photographed, and cercariae were counted with the use of a dissecting scope (previously noted) at 0.5, 1, 2, 3, and 4 days. Tails were considered moving if there was some form of visible motion in a time frame of 10 sec.
At 0.5, 1, 2, 3, and 4 days, anywhere from 39-346 and 46-380 transformed cercariae were observed in a field of view that comprised a total range of 750-2,300 and 260-803 transformed cercariae for each time point of the cercariae separation and viability studies, respectively. At 0.5, 1, 2, 3, and 4 days, approximately 31-89 cercariae tails were examined in a field of view consisting of a total number of 140-284 cercariae tails at each time point for the morphology and movement studies. At each time point, the mean percent separated cercariae, viable schistosomules, and cercariae tail movement was enumerated. Two-tailed homoscedastic Student's ttests were performed with Excel (Microsoft, Redmond, Washington) to determine if there was a difference in the percent of transformed cercariae (separated heads) between the mechanical and nonmechanical transformation methods, if there was a difference in the percent of viable schistosomula between the 2 methods, and if there was a difference in the percent of moving tails between the 2 methods. Data were considered significantly different if P , 0.05.
In the first experiment, we compared the rate of cercariae head and tail separation that occurred among mechanically and nonmechanically transformed cercariae. Significantly more cercariae heads separated from the tails at 0.5, 1, and 2 days with the use of the mechanical transformation method, though the vast majority of parasites that were transformed by the nonmechanical method had also undergone separation at the same time points (92-97%; Fig. 1 ). Thus, despite the statistical difference, the large number of cercariae undergoing transformation via the nonmechanical method is probably sufficient for most biological studies. In addition, by days 3 and 4, 97-99% of nonmechanically transformed cercariae had undergone separation and no statistical difference in the number of transformed cercariae was observed at these time points between the 2 transformation methods.
The separation study was followed by an experiment to further compare the effectiveness of both transformation methods at producing viable, or live, schistosomula. This was accomplished by staining the dead cells of the parasites with a PI reagent, which allowed us to distinguish dead parasites (transformed cercariae heads or schistosomula) from viable ones. The assay showed there was no significant difference in the percent of viably transformed cercariae by either transformation method at any of the time points (Fig. 2) .
Thus, with more than 97% of cercariae separated and undergoing transformation by day 2 by either method, and no difference in the quantity of viable schistosomula between the transformation methods, it is suggested there is no difference between the 2 methods in transforming cercariae into schistosomules. However, the mechanical method presents several problems to the process of transformation, i.e., an increased risk of sample contamination and an increased risk of infection to researchers working with the cercariae. Nonetheless, this study suggests the nonmechanical method, as described here, is an ideal alternative to obtaining high numbers of viable schistosomula.
Although various comparisons have been performed in previous studies as described above, many are no longer used, particularly among the nonmechanical methods. In the present effort, we compared the currently used double-ended-needle mechanical method to the culture medium based nonmechanical method, in which the culture medium used for the mechanical method described here is also currently used for culturing adult schistosome worms (Sayed et al., 2008) . So, our study is quite different from earlier investigations and provides an additional option based on the currently used transformation method. Some earlier research that compared different mechanical methods showed differences in glucose concentration, osmolality, amino acid and lipid content, RNA and protein synthesis, and ultrastructure of tegument (Salafsky et al., 1988) . It is unclear whether such changes also occur when comparing the mechanical and nonmechanical methods. In the present research, the culture medium used for the nonmechanical method was also used for the mechanical method. The only difference between the 2 approaches is the potential damage caused by the mechanical method. Because no evidence has shown that damage is an indispensable factor for in vitro transformation, it is unlikely that any changes caused by the damage will benefit the culture of schistosomula in vitro. In contrast, this nonmechanical method may offer several advantages over the mechanical method described above.
Finally, we observed the fate of the detached tails in culture, more specifically tail morphology and mobility. During definitive host infection, cercariae heads penetrate the skin of a host. In most cases, the tails detach and are no longer considered to be biologically functional and thus are generally ignored. Unexpectedly, we found the tails undergo morphological changes postseparation and can survive up to 4 days in culture.
Remarkably, the cercariae tails grew unknown structures throughout the course of the 4-day culture. Generally, by the first day of culture, the tails thicken and a bulbous structure appears at the head/tail junction. By the second day, the bulbous structure grew substantially larger. This unknown structure resembled a cercariae head in shape, but appeared smaller in size. By the third day, the bulbous structure was larger, and some of the detached cercariae tails began to grow several more smaller bulbous structures throughout their tail region. Finally, by day 4, the morphologically altered cercariae tails had coiled and contracted, and most had died (Fig. 3A) . In addition, there were no observable morphological tail differences between the 2 methods.
To determine whether these new cells or tissues were alive, we used FDA, which stains living cells. The stained cells in these regions of the detached tails were alive, implying the cells may have undergone proliferation (Fig. 3B) . Moreover, the detached cercariae tails transformed by both methods exhibited chaotic and sporadic motion. They were extremely active at day 2 postseparation, with approximately 83-99% of the tails exhibiting motion. However, by days 3 and 4, tail mobility was significantly reduced, particularly among mechanically transformed cercariae, which only exhibited motion in 41% of cercariae at day 3 and 2% at day 4, compared to the 72% at day 3 and 17% at day 4 observed in cercariae tails that were transformed nonmechanically (Fig. 3C) .
It seems the tails are able to regenerate additional cells or tissues, although further studies are required to understand the details of the newly generated tail structures better. It is hard to imagine that these new structures have any biological role because such changes do not occur in natural conditions. However, this intriguing change may reflect unique biological features of the cells in the tails. Further studies need to address the mechanism(s) of regeneration of the tissue in the detached tails. Regardless, these notable observations could have important implications for schistosome research, as the regenerated cells are likely to be highly proliferative and may also possess stem cell properties. Thus, this cercariae tail tissue should no longer be ignored, especially because it may be a potential candidate of study for the development of a schistosome cell line, a feature that has yet to be proven successful (Quack et al., 2010) . 
